INTRODUCTION
Association of air pollution with human health has been evaluated in numerous time-series studies by fitting Poisson regression model at community or city level. [1] [2] [3] [4] [5] [6] [7] Results of these studies suggest that short-term exposure to ambient air pollution is associated with increased mortality from cardiovascular diseases. Meanwhile, extensive clinical and toxicological studies have also provided evidence for stronger association between air pollution and deaths from cardiovascular diseases. [8] [9] [10] [11] However, most of these studies were conducted in developed countries and there were limited amount of research done in China.
From 2003 to 2012, annual average levels of particulate matter less than 10 μm in aerodynamic diameter (PM 10 ) in the 31 provincial capitals in China were significantly reduced ( Figure 1) ; however, they were still at the higher end of air pollution level in the world. In 2013, the report on Global Environmental Competitiveness ranked the air quality of China 87th out of 133 countries. 12 Beijing, the capital of China, experienced rapid urban expansion and transportation development and hence, led to a serious air pollution problem in the past 10 years, 13 during which the number of its resident population increased from 14.56 million in 2003 to 21.15 million in 2013. 14 Over the same period, the number of automobiles, a major source of ambient air carbon monoxide (CO) and nitrogen oxides (NO X ) emissions, increased by 2.5 times, totaling 5.4 million at the end of 2013. 15 Beijing is still facing a substantial challenge of balancing economic growth and environmental protection.
Concerns about effects of air pollution on population health, for example, cardiovascular diseases, 6 ,16 respiratory diseases [16] [17] [18] and emergency hospital visits [19] [20] [21] [22] have been increasing in Beijing. However, most of the existing studies characterized exposures using citywide average ambient concentrations of pollutant, which ignored the within-city spatial variation in concentrations of ambient air pollutants because of lacking data from multiple air quality monitoring (AQM) stations. In fact, exposure levels vary greatly across the whole area of Beijing. 23 A study showed that air quality in the southern part was worse than that in the northern part in Beijing. 24 And from the southeast plain to the northwest mountain area in Beijing, pollution levels presented a decreasing trend. Chen et al. 25 pointed that the spatial variation in the effects of PM 10 on health outcomes needs to be considered in assessing the health effect of air pollution, particularly for big cities. The study by Zhang et al. 26 applied district-specific PM 10 concentrations to quantify the impact of PM 10 on population health. However, the study did not include the suburban and rural districts and examined the effects of nitrogen dioxide (NO 2 ) and CO. In our study, we aimed to apply the generalized additive mixed model (GAMM) to investigate the spatial characteristics of association between air concentrations of PM 10 , NO 2 and CO and daily cardiovascular mortality in the whole area of Beijing.
MATERIALS AND METHODS
The study was based on Causes of Death Registry (CDR) of the China Centers for Disease Control and Prevention (China CDC), but did not access any individually identifiable patient data. The study was approved by the Institutional Review Board of institute of Basic Medical Sciences, Chinese Academy of Medical Sciences.
Study Area and Period
Beijing is located in the North China Plain with an area of approximate 16,807 km 2 and a population of 21.15 million by the end of 2013. 14 The study area covered 16 administrative districts of Beijing, including six urban districts (Dongcheng, Xicheng, Chaoyang, Fengtai, Shijingshan and Haidian), eight suburban districts (Mentougou, Fangshan, Tongzhou, Shunyi, Changping, Daxing, Huairou and Pinggu) and two rural counties (Yanqing and Miyun) ( Figure 2 ). The study was carried out from 1 January 2009 to 31 December 2010.
Data Collection
The data here include the number of daily cardiovascular deaths, air quality, road density and meteorological conditions. Cardiovascular mortality data were obtained from CDR of China Centers for Disease Control and Prevention (CDC). All deaths in CDR were coded according to the International Classification of Diseases, version 10 (ICD-10), with codes I00-I99 used as deaths from cardiovascular diseases.
Air quality data, including the concentrations of PM 10 , NO 2 and CO, were generated by district AQM stations at 12 fixed sites in Beijing ( Figure 2 ). All district AQM stations are operated by the Chinese National Monitoring Network for Air Quality Control. The hourly average concentrations for each pollutant were presented. Data from one AQM station (Dingling station in Changping district) were excluded because it was used as the background station for calibration. For the districts having two AQM stations, arithmetic mean of the concentrations of the two stations was used. For the districts without AQM station, a generalized linear model was used to project their pollutant concentrations. The method was described in detail elsewhere. 27 To adjust the effect of weather condition on mortality, 28,29 data on meteorological conditions, including mean daily temperature, relative humidity, wind speed and barometric pressure during the same period were obtained from the Beijing Municipal Meteorological Bureau.
Data Analysis
We used the district-level daily cardiovascular deaths as the dependent variable and the corresponding district-level daily PM 10 , NO 2 and CO as the main independent variables. Generalized additive model (GAM) was used to associate the mortalities and the pollutants, 30 and GAMM to account for overdispersion and random effect of district to the additive predictor, 31 under the assumption that the number of daily deaths from cardiovascular diseases follows a Poisson distribution. Natural splines were used to fit the non-linear time trend of the mortality, adjusting for potential confounders, such as day of week (DOW) and meteorological conditions. 32 The full GAMM included smoothing function for variables time, temperature and humidity, categorical variable DOW and random effect of district, which can be expressed as:
where E(Y i,t ) refers to the expected count in district i on day t, DOW is dummy variable for day of week, and Z i is a random intercept for districts i. s(.) is the smoothing function realized by natural spline with 2 degrees of freedom (d.f.) per year for time to adjust for seasonal and long-term trends and 5 degrees of freedom for temperature and 2 for relative humidity.
The most appropriate degrees of freedom of the time, temperature and relative humidity were determined by minimizing Akaike Information Criterion (AIC). 31 We also compared the citywide effects derived from GAMM and those from GAM. The GAM and GAMM models include the same non-parametric smoothing function for PM 10 , NO 2 and CO and other confounding factors. The GAM can be expressed as:
þsðtemperature t ; 5Þ þ sðhumidity t ; 2Þ Furthermore, we examined the associations with different lag structures, including single-day lags (from lag 0 to lag 4) and multiday lags (moving average lag 0-1 to lag 0-4). Sensitivity analyses were conducted to investigate the robustness of the citywide associations by changing degree of freedom per year for time trend, using penalized spline for time trends and adding barometric pressure.
All statistical tests were two-sided. The effects of pollutants were presented as percentage changes and corresponding 95% confidence intervals (CIs) of mean number of daily deaths per interquartile ranges (IQR) increment in daily concentrations of PM 10 , NO 2 and CO. Incidence rate ratios (IRRs) were calculated to evaluate the relative risk of other districts compared with the reference district. All the analyses were conducted by using "mgcv" package available in the R software (version 3.0.2).
RESULTS

Descriptive Statistics
Descriptions of pollutant concentrations, meteorological conditions and cardiovascular mortality in Beijing from 1 January 2009 to 31 December 2010 are given in Table 1 . , respectively, with the highest levels in Shijingshan, Xicheng and three central urban districts (Shijingshan, Dongcheng and Xicheng), respectively. The highest number of daily deaths from cardiovascular diseases was found in Chaoyang district.
In six districts of Beijing, the daily average concentrations of the three air pollutants in most of the days exceeded the limits of Class II in the National Ambient Air Quality Standards of China (Table 3) . 33 For the whole area of Beijing, the number of days with daily 24-h average concentration of PM 10 higher than the limit accounted for about one quarter of the period, which was observed in five urban districts (Shijingshan, Dongcheng, Haidian, Xicheng and Chaoyang) and one suburban district (Shunyi). Citywide Effects of Air Pollutions Figure 3 shows that the point estimates and relevant 95% CIs for the percentage increase in number of citywide daily deaths per IQR increase in concentrations of PM 10 , NO 2 and CO. Results of GAM fitting indicate the effects of PM 10 , NO 2 and CO on current day (lag 0), the previous day (lag 1), the moving average 2 days (lag 0-1), the moving average 3 days (lag 0-2) and the moving average 4 days (lag 0-3) are statistically significant. The statistically significant association of cardiovascular mortality with NO 2 is also found on the moving average 5 days (lag 0-4). Generally, strong single-day effect occurs on lag 1; the strong accumulated effect occurs when 2-day average is used. The cumulative exposure on lag 0-1 has the largest effect. An IQR increase in pollutant concentration was associated with 2.87 (95% CI, 1.66-4.09), 5.02 (95% CI, 3.54-6.52) and 4.11 (95% CI, 2.84-5.40) percentage increase in daily cardiovascular deaths for PM 10 , NO 2 and CO, respectively. We found the largest effects at lag 0-1 by using both GAMM and GAM. However, the estimated effects of air pollutions derived from GAM are higher than those derived from GAMM ( Figure 3 ). An IQR increase in concentrations of PM 10 , NO 2 and CO is associated with 2.46 (95%CI, 1.22-3.72), 4.11 (95%CI, 2.82-5.42) and 2.23 (95%CI, 1.14-3.33) percentage increase in daily cardiovascular deaths, respectively.
District-Specific Effects of Air Pollutions
Because the largest effect of pollutants is generally found on lag 0-1, only the relationship between concentrations of PM 10 , NO 2 and CO and cardiovascular deaths on lag 0-1 is shown in Figure 4 .
The relative risks of every other district compared with Changping are ranked and the same ranking patterns are found for the three pollutants ( Figure 4 ). All districts but Haidian have statistically significant higher risk. Haidian shows a lower significant risk (IRR = 0.88, 95%CI, 0.85-0.92).
Each district was used as a reference district in turn, and we compared death risk of district with the reference district respectively. The relative risks are presented in Supplementary eFigure 1. For the three pollutants, the lowest risk of death from cardiovascular disease is in one urban district Haidian, and the highest risk is in one suburban district Pinggu. The death risks in the suburban and rural areas appeared to be stronger than those in the urban areas under the same level of pollutants.
Cardiovascular mortality risks associated with PM 10 exposure, shown in Supplementary eFigure 1, have statistically significant difference between different districts except Daxing and Shijingshan (IRR = 1.04, 95%CI: 0.99-1.11), Yangqing and Dongcheng 10 . In general, the effects of PM 10 , NO 2 and CO on cardiovascular mortality were different among districts.
Sensitivity Analysis
The change in degree of freedom per year for time trend dose not substantially affect the estimated effects of air pollutants within the range of two to eight degrees of freedom. Different smoothing approaches do not change the effect estimates significantly (results not shown). The analyses suggest that our findings are robust with respect to these issues. Adding barometric pressure to the models result in almost identical estimates.
DISCUSSION
In this multi-site time-series study of excess cardiovascular mortality risk attributable to air pollution, we investigated the spatial variation in associations between short-term exposure to ambient PM 10 , NO 2 and CO and daily deaths from cardiovascular diseases. It is worth noting that there is significant spatial variation in the estimated effects of PM 10 , NO 2 and CO on cardiovascular mortality across the 16 districts in Beijing. We observed the highest levels of PM 10 and CO in Shijingshan district, and the highest levels of NO 2 and CO in Xicheng district, where the level of NO 2 was nearly twice as much as that in Huairou district. Shijingshan district is a heavily industrialized zone with iron and steel production industry, metal smelting industry and thermal power plants. Smaller particles and organic pollutants produced during coal combustion and transportation might be the main contributor of the much higher concentrations of PM 10 and CO in this district than in other districts. 34 Xicheng district is located at the center of Beijing, with high road density and more Many studies provided evidence linking air pollutants with adverse health effects based on the assumption that exposure is uniform within each region or city. Such an assumption might result in errors in estimation of exposure, especially for pollutants with important local sources. 35 However, previous studies have suggested that using data from a single AQM station or average concentrations from a few stations might not accurately represent citywide exposure and might lead to bias, 23 as the air pollution levels often vary across the study area. 36 Confounding factors that vary between districts might also distort their relation with air pollution. In our study, we modeled PM 10 , NO 2 and CO at a district level to evaluate their citywide effects on cardiovascular mortality using GAMM. Treating district as a random effect enabled us to account for lack of independence between observations for each district, which might generate more accurate estimates compared with using citywide averaged concentrations. We found significant effects of PM 10 , NO 2 and CO on cardiovascular mortality, which are similar to those found in the previous studies in the United States, 37 Europe 38,39 and China. 3, 6, 16 Meanwhile, we also fitted a GAM that used average concentration of air pollutants in 16 districts of Beijing. Results show that the estimated effects of PM 10 , NO 2 and CO derived from GAM are higher than those derived from GAMM (Figure 3 . Different time periods and pollution levels might also be potential reasons of the inconsistence. Furthermore, the spatial characteristics of association of gaseous pollutants, such as NO 2 and CO, were not investigated in Zhang's and Xu`s studies.
Our findings indicate that there is a spatial variation in estimated effects of PM 10 , NO 2 and CO on cardiovascular mortality across the 16 districts of Beijing. Consistent with previous reports, 41 we found that suburban and rural residents expose to a greater risk of cardiovascular death correlated with air pollution than urban residents in Beijing. Because of the different emission sources, physicochemical characteristics, weather conditions, geographical factors, industry and transportation infrastructures, and traffic densities, the composition of air pollutants might differ between urban and rural districts. 34, 42 Insufficiency of protection awareness and measures and emergent medical assistance might contribute to this difference. 41 In addition, the population structure might be another factor that may contribute to this spatial variation. For example, the higher proportion of elderly people and children in some rural areas because of young population migration to urban areas leads higher morbidity and mortality of respiratory and cardiovascular diseases in these areas. 43 Access to quality health care could be another potential contributor to spatial variation. High quality hospitals mainly concentrate in urban areas. According to the Beijing Health Development Statistical Bulletin 2009, the number of health institutions in urban areas accounted for 58.8%, and those in rural areas only accounted for 4.5%. 44 To make our results comparable to those of other Asian cities, we converted our percent increase in daily cardiovascular mortality associated with an IQR increase in pollutant concentrations into 10 μg/m 3 increase for PM 10 45 There is little difference between our estimates in Beijing and PAPA results in the other megacities in East Asia. And our results could serve as a complement to the PAPA study.
To our knowledge, our study is the largest study that examined the spatial variation in effects of ambient PM 10 , NO 2 and CO concentrations on cardiovascular mortality across the whole area in Beijing. The air quality data measured from 12 fixed AQM stations represented the comprehensive air pollution level across the whole area of Beijing. Fitted GAMM used additive nonparametric functions to describe covariate effects that accounted for between-district heterogeneity and within-district correlation by adding random effects to the additive predictors. 46 However, there are limitations in our study. First, ambient AQM results can differ from personal exposure to air pollutants. 47 Numerous factors, such as air conditioning, ventilation between indoor and outdoor air, may affect monitoring results from fixed stations as surrogates of personal exposure to air pollutants. 48 In addition, as a requirement, AQM stations are located away from the major roads and industrial emission sources; therefore, underestimation and misclassification of exposure might exist. Second, districtspecific data of meteorological conditions were unavailable. The use of citywide meteorological data may not reveal their confounding on effects of district level of air pollutants. Third, age structure of study population in each district is different and not adjusted. Population aged more than 60 years old (the older polulation) in Changping and Daxing districts accounted for the least (less than 10%) and those in Dongcheng and Xicheng district the most (more than 16%). In addition, the proportion of populations aged over 60-are higher in Pinggu, Miyun and Yanqing districts (about 15%) than those in Chaoyang, Fengtai and Shijingshan districts (about 13%). The differences in ratio of the older popularion might confound the estimates of effects as well. We conducted stratified analyses by age (45-64 years and ≥ 65 years) to examine potential effect modification. We observed that the effects of PM 10 , NO 2 and CO on cardiovascular mortality are different among districts both in residents aged 45 or older and in aged 65 years or older.
In addition, socioeconomic status is also a factor that may contribute to the spatial variation. We tried to include gross domestic product per capita and number of health institutions per 1000 people of 16 districts in 2009 and 2010 to adjust for potential confounding from socioeconomic factors, however, because these indicators were measured annually in a district level, only 32 values of these indicators corresponding to 730 × 16 observations resulted in problem of singularity in backsolve in GAM and GAMM. We are collecting individual socioeconomic information form an ongoing cohort and will investigate this issue in future studies.
In general, the results from this study are meaningful for the present situation in Beijing. The yearly average PM 2.5 concentration observed by US Embassy in Beijing was about 91-104 μg/m 3 from 2009 to 2014 without obvious trend. 49 And the yearly average PM 10 concentration of the whole Beijing during this period was about 108-121 μg/m 3 according to Beijing Environmental Statement 2009-2014. 50 Therefore the study period, 2009 and 2010, showed similar pollution level with the most recent years, and the findings may have implication for current public health policy decision making. Almost all the existing studies conducted in Beijing that analyzed the effects of air pollution took pollution of the city as a whole. However, our study reveals the spatial variation of such effects across the whole area of the city, which provides important evidence to help identify and explain the inequality in health status between different districts of Beijing in the context of high air pollution level. The findings drive our future efforts toward the further analysis to discover potential interaction between air pollution and socioeconomic factors.
CONCLUSIONS
In summary, we found significant adverse effects of ambient PM 10 , NO 2 and CO on deaths from cardiovascular diseases. There were spatial variations in ambient concentrations of PM 10 , NO 2 and CO and relative higher mortality risk of cardiovascular diseases in rural areas in Beijing. Further researches that identify personal exposure and sources of pollutions are needed to confirm our findings and to promote effective strategy of air quality management and public health protection.
